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a b s t r a c t
Extensive analyses of particulate lipids and lipid classes were conducted to gain insight into lipid
production and related factors along the biogeochemical provinces of the Eastern Atlantic Ocean. Data
are supported by particulate organic carbon (POC), chlorophyll a (Chl a), phaeopigments, Chl a
concentrations and carbon content of eukaryotic micro-, nano- and picophytoplankton, including cell
abundances for the latter two and for cyanobacteria and prokaryotic heterotrophs. We focused on the
productive ocean surface (2 m depth and deep Chl a maximum (DCM)). Samples from the deep ocean
provided information about the relative reactivity and preservation potential of particular lipid classes.
Surface and DCM particulate lipid concentrations (3.5–29.4 μg L1) were higher than in samples from
deep waters (3.2–9.3 μg L1) where an increased contribution to the POC pool was observed. The
highest lipid concentrations were measured in high latitude temperate waters and in the North Atlantic
Tropical Gyral Province (13–251N). Factors responsible for the enhanced lipid synthesis in the eastern
Atlantic appeared to be phytoplankton size (micro, nano, pico) and the low nutrient status with
microphytoplankton having the most expressed inﬂuence in the surface and eukaryotic nano- and
picophytoplankton in the DCM layer. Higher lipid to Chl a ratios suggest enhanced lipid biosynthesis in
the nutrient poorer regions. The various lipid classes pointed to possible mechanisms of phytoplankton
adaptation to the nutritional conditions. Thus, it is likely that adaptation comprises the replacement of
membrane phospholipids by non-phosphorus containing glycolipids under low phosphorus conditions.
The qualitative and quantitative lipid compositions revealed that phospholipids were the most
degradable lipids, and their occurrence decreased with increasing depth. In contrast, wax esters,
possibly originating from zooplankton, survived downward transport probably due to the fast sinking
rate of particles (fecal pellets). The important contribution of glycolipids in deep waters reﬂected their
relatively stable nature and degradation resistance. A lipid-based proxy for the lipid degradative state
(Lipolysis Index) suggests that many lipid classes were quite resistant to degradation even in the
deep ocean.
& 2014 Elsevier Ltd. All rights reserved.
1. Introduction
Investigations of quantity, characterization, and distribution of
marine organic matter are important to understand the role of
marine sources and sinks of organic carbon. Marine organic matter
is predominantly of autochthonous origin, produced by the phy-
toplankton community and heterotrophic organisms. Phytoplank-
ton accounts for about 95% of the primary production in the ocean
and about half of all primary production on Earth (Field et al.,
1998). In general, open ocean primary production is mainly driven
by picophytoplankton and nanophytoplankton. Microphytoplank-
ton biomass shows a larger variability than smaller phytoplankton
on seasonal and interannual time scales (Uitz et al., 2010).
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Phytoplankton blooms cover a wide range of scales from small,
sporadic blooms stimulated by event scale processes to the basin
scale spring blooms covering the North Atlantic (Ducklow and
Harris, 1993).
Lipids are important components of photosynthetically pro-
duced particulate organic carbon (POC) (Yoshimura et al., 2009).
Polar lipids, in particular phosphatidylglycerols, diphosphatidyl-
glycerols, phosphatidylethanolamines and phosphatidylcholines,
are biomembrane structure components and reﬂect the organic
matter associated with living organisms (Derieux et al., 1998). The
neutral lipids, triacylglycerols and wax esters, represent metabolic
reserves. Triacylglycerols are the main phytoplankton storage
lipids whereas marine zooplankton also store energy as dense
wax esters (Lee et al., 2006) that are usually also found in their
fecal pellets (Wakeham et al., 1984). Glycolipids (GL) are the most
common non-phosphorous polar lipids in the biosphere (Härtel
et al., 2000). In algae, as in higher plants and cyanobacteria, GL are
predominantly located in the photosynthetic membranes (thyla-
koids) (Guschina and Harwood, 2009) where they are the most
abundant type of lipids. Diacylglycerols, monoacylglycerols and
free fatty acids are breakdown products and characterize lipid
degradation (Parrish, 1988; Goutx et al., 2003). Fatty alcohols
originate mainly from degradation of zooplankton wax esters.
The “Lipolysis Index” (LI) has been deﬁned by Goutx et al. (2003)
and indicates the degree of lipid degradation. The quantity and
quality of lipids depend on the life cycle stage of the primary
producers and environmental factors (Zhukova and Aizdaicher,
2001). The characterization of marine lipids on a molecular level
enables their use as efﬁcient geochemical markers for the identi-
ﬁcation of sources, carbon cycling and reactivity of organic matter
in the ocean.
Oceans are systems of physically-driven, biologically controlled
chemical cycles which regulate the planetary climate over large
spatial and temporal scales (Ducklow, 2003). Longhurst (2007)
produced an ecological scheme dividing the oceans into a system
of regions, named biogeographic provinces, which are regions or
water masses with similar physical (e.g. sea surface temperature,
mixed-layer depth, and bathymetry) and biological (e.g. chloro-
phyll a concentration, photosynthetic parameters, and biomass
vertical proﬁle) characteristics. The most fundamental distinction
among provinces in the Atlantic Ocean is between the coastal and
open ocean domains (Sathyendranath et al., 1995). However, there
is little information about the quality and quantity of lipids in
different oceanic provinces.
In this work, we aimed to examine lipids under the range of
various biological and chemical conditions that exist over a long
north–south transect through the East Atlantic to gain insight into:
(i) their biological origin, (ii) inﬂuence of inorganic nutrient
availability on lipid production and composition and (iii) distribu-
tion of the lipids within the water column. We quantiﬁed lipid
classes in the particulate matter from the surface productive layers
and the deep ocean waters and compared these data with the
plankton community structure. To understand the inﬂuence of
environmental conditions we performed sampling at stations
encompassing a wide range of trophic states.
2. Material and methods
2.1. Study area and sample collection
Water sampling was conducted from 31 October to 3 December,
2008, during the R/V Polarstern cruise ANT-XXV/1. The sampling
locations, extending from 491N to 261S, are shown in Fig. 1a.
Samples were collected continuously at the surface (ca. 2 m), at
various depths of the deep Chl a maximum (DCM; 25–105 m), and
in the deep ocean (805–5563 m; Fig. 1b). The different symbols in
the ﬁgures refer to the different biogeochemical provinces intro-
duced by Longhurst (2007): the Northeast Atlantic Shelves Pro-
vince (1st: NECS; 4–501N; Sta. 4 and 5; down triangles); the North
Atlantic Drift (2nd: NADR; 44–481N; Sta. 9–22; squares); the North
Atlantic Subtropical Gyre-East (3rd: NASE; 26–441N; Sta. 24–63;
up triangles); the North Atlantic Tropical Gyral Province, touching
the Canary Current Coastal Province (4th: NATR; 13–251N; Sta.
65–105; stars); the Western Tropical Atlantic Province (5th:
WTRA; 11–121N; Sta. 107–109; hexagons); the Eastern Tropical
Atlantic Province (6th: ETRA; 111N–81S; Sta. 119–162; rhombs); the
South Atlantic Gyral Province (7th: SATL; 11–221S; Sta. 167–195;
circles); the Benguela Current Coastal Province (8th: BENG;
23–311S; Sta. 200–214; right triangles).
Surface water samples were collected with the so-called ‘Fish’
sampler (Sarthou et al., 2003), which had a ﬁsh-like ﬂoating body
with Teﬂon tubing and pumping. It was ﬁxed alongside the ship,
providing a continuous ﬂow of water from 2 m water depth.
Samples from various depths of DCM and deep waters were taken
using 12 L Niskin bottles mounted on a CTD-rosette.
2.2. Eukaryotic plankton cell abundance and pigment analysis
Cell abundances of eukaryotic nano- and picophytoplankton
and cyanobacteria (including Synechococcus and Prochlorococcus)
were assessed using ﬂow cytometry. Full descriptions of the
method for the ﬂow-cytometric enumeration of autotrophic cells
are provided in Taylor et al. (2013). The data have been published
in PANGAEA (http://dx.doi.org/10.1594/PANGAEA.823283).
The composition of phytoplankton pigments which are soluble
in organic solvents was analyzed by high performance liquid
chromatography (HPLC) following the method by Barlow et al.
(1997), slightly modiﬁed by Hoffmann et al. (2006), and adapted to
our instruments as described in Taylor et al. (2011). The data have
been published in PANGAEA (http://dx.doi.org/10.1594/PANGAEA.
819070).
The relative proportions of eukaryotic micro- (20–200 mm),
nano- (2–20 mm) and picophytoplankton (o2 mm) were estimated
from the concentrations of 7 diagnostic pigments after Uitz et al.
(2006). Brieﬂy
% Pico¼ 100 ð0:86 ZeaÞ=DPw
% Nano¼ 100 ð1:27 19HFþ1:01 TChlbþ0:35 19BFþ0:6 AlloÞ=DPw
%Micro¼ 100 ð1:41 Fucoþ1:41 PeriÞ=DPw;
where DPw¼0.86 Zeaþ1.01 TChlbþ1.27 19HFþ0.35 19BFþ0.6
Alloþ1.41 Fucoþ1.41 Peri; Zeaxanthin (Zea), total Chlorophyll-b
(TChlb), 190-hexanoyloxyfucoxanthin (19HF), 190-butanoyloxyfu-
coxanthin (19BF), Alloxanthin (Allo), Fucoxanthin (Fuco), Peridinin
(Peri). An additional correction for Fuco, accounting for the contribu-
tion by haptophytes (identiﬁed by the marker pigment 19HF) was
applied as detailed in Hirata et al. (2011). The percentage of Chl a in
individual classes is calculated from their calculated percentage and
the total Chl a.
The carbon content of phytoplankton was calculated from the
Chl a after Pérez et al. (2006) using the carbon to Chl a (C/Chl a)
ratios of 77 for eukaryotic picophytoplankton and of 186 for
eukaryotic nano- and microphytoplankton for surface samples,
and for the DCM samples the C/Chl a ratios were 17 for eukaryotic
pico- and 58 for nano- and microphytoplankton.
2.3. Prokaryotic heterotroph abundance
The number of total prokaryotic heterotrophs including bacteria
and archaea were estimated by a culture independent microscopic
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method (Neogi et al., 2011). Brieﬂy, water samples were ﬁxed with
formaldehyde (4%) and prokaryotic cells stained using 40,6-diami-
dino-2-phenylindole (DAPI) for 30 min (manufacturer's manual,
Sigma-Aldrich). The abundance of communities was determined
following a standard protocol (Porter and Feig, 1980) with an
epiﬂuorescence microscope (DM2500, Leica Microsystems). In each
of the microscopic observations prokaryotic cells were enumerated
at a magniﬁcation of 1000 or more. The cells attached to
suspended particles in water samples were counted separately.
Each sample was examined in triplicate. The carbon content of the
prokaryotic heterotrophs was obtained using a conversion factor of
10 fg C cells1 (Herndl et al., 2005).


















0N                Latitude                0S
Fig. 1. (a) Map of sampling stations along the north–south transect through the East Atlantic Ocean; (b) sampling depths: surface (2 m; open symbols), DCM (25–105 m;
half-open symbols) and deep waters (805–5563 m; solid symbols). The different symbols and colors distinguish the eight biogeochemical provinces. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 1
Lipid classes determined by TLC-FID, standards used for identiﬁcation and quantiﬁcation, equations for the quantiﬁcation of the lipid classes from peak areas (A), and
retention times. The solid lines within the table mark the changes of the chromatographic conditions and separation (see methods for details).
Lipid classes Standards used Abbreviations Equations for quantiﬁcation to mg Retention times
Hydrocarbons n-Nonadecane HC (A/1041.5)(1/1.2242) 0.055
Wax estersþsterol esters Stearic acid myristic ester WE (A/1052.51)(1/1.3034) 0.189
Fatty acid methyl esters Palmitic acid methyl ester ME (A/988.99)(1/1.4293) 0.230
Fatty ketonen 1-Hexadecanone KET (A/1041.2)(1/1.3414) 0.267
Triacylglycerols Tristearoyl–glycerol TG (A/1377.7)(1/1.4471) 0.078
Free fatty acids Stearic acid FFA (A/1386.5)(1/1.4071) 0.134
Fatty alcohols 1-Hexadecanol ALC (A/956.06)(1/1.2867) 0.140
1,3-Diacylglycerols 1,3-di(cis-9-octadecenoyl)glycerol 1,3DG (A/218.68)(1/1.283) 0.203
Sterols Cholesterol ST (A/1601.9)(1/1.507) 0.227
1,2-Diacylglycerols rac-1,2-distearoylglycerol 1,2DG (A/1415.8)(1/1.3499) 0.260
Pigments Chlorophyll a PIG (A/1517.2)(1/1.4510) 0.121
Monoacylglycerols 1-Stearoyl-rac-glycerol MG (A/1010.5)(1/1.1532) 0.239
Glycolipidsa Monogalactosyl-diglycerol GL (A/905.66)(1/1.4270) 0.225
Phosphatidylglycerolsb 1-(3-sn-Phosphatidyl)-rac-glycerol sodium salt PG (A/883.54)(1/1.1283) 0.138
Phosphatidylethanolamines 1,2-dimyristoyl-sn-glycero-3-phospho-ethanolamine PE (A/1176.5)(1/1.1138) 0.186
Phosphatidylcholines 1,2-Dioleoyl-sn-glycero-3-phosphocholine PC (A/1129)(1/1.3513) 0.318
a Glycolipids composed of mono- and di-galactosyldiacylglycerols.
b Phosphatidylglycerols (PG) plus diphosphatidylglycerols (DPG) hereafter termed PG.
n Added as internal standard.
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2.4. Particulate organic carbon
Samples for the determination of particulate organic carbon
were obtained by ﬁltration of 3–4 L seawater through GF/F glass
ﬁber ﬁlters (0.7 mm pore size, Whatman, precombusted for 3 h at
450 1C). The ﬁlters were stored at 20 1C and later in the home lab
dried at 60 1C for 12 h. Inorganic carbon was removed by acidiﬁca-
tion, and POC was quantiﬁed with an elemental analyzer (Fisons,
NA 2100; for details refer to Neogi et al. (2011)).
2.5. Lipid class analysis
For the lipid class determination 2–11 L of seawater were ﬁltered
through the GF/F ﬁlters immediately after sampling. The ﬁlters were
stored in liquid nitrogen for later lipid extraction and analysis.
Particulate lipids were extracted by a modiﬁed one-phase solvent
mixture of dichloromethane–methanol–water (Bligh and Dyer,
1959). N-hexadecanone was added as internal standard to each
sample to estimate the recoveries in the subsequent steps of the
sample analysis. The extracts were evaporated to dryness under
nitrogen atmosphere and redissolved in 20 mL dichloromethane.
Lipid classes were determined by thin-layer chromatography-
ﬂame ionization detection (TLC-FID; Iatroscan MK-VI, Iatron, Japan)
with a hydrogen ﬂow of 160 mLmin1 and an air ﬂow of
2000 mLmin1. Lipid classes were separated on Chromarods SIII
(SES-Analysesysteme, Germany) and quantiﬁed by external calibra-
tion with a standard lipid mixture. The standard deviation deter-
mined from duplicate runs accounted for 0–12% of the relative
abundance of lipid classes. The determined lipid classes and the
standards used (all from Sigma Aldrich) are given in Table 1. Calibra-
tions were performed for each class of compounds at 12 concentra-
tions spanning a range from 0.1 to 3.5 μg. Data (peak area (A) vs. mass
(m, in μg)) are ﬁtted with exponential functions (Table 1).
The separation scheme involved subsequent elution steps in
the solvent systems of increasing polarity (Frka et al., 2011)
followed by a subsequent partial burn of Chromarods (for reten-
tion times refer to Table 1). HC, WE, ME, and KET were separated
with hexane–diethyl ether–formic acid (97:3:0.2, v:v:v) for
28 min. TG and FFA were separated with hexane–diethyl ether–
formic acid (80:20:0.2, v:v:v) for 30 min. ALC, 1,3DG, ST, and 1,2DG
were separated with an additional 20 min in the previous solvent
mixture. PIG and MG were separated with chloroform–acetone–
formic acid (95:5:0.6, v:v:v) for 32 min. This was followed by
8 min in acetone (100%) to elute GL. Finally, chloroform–metha-
nol–ammonium hydroxide (50:50:5, v:v:v) during 40 min allowed
separation of PG, PE, PC, and non-lipid material which remained at
the origin. Total lipid concentrations were obtained by summing
all lipid classes quantiﬁed by TLC-FID.
The contribution of particulate lipids to POC was evaluated by
estimation of the organic carbon content in lipids. The 70% carbon
content in lipids was calculated from standards of the three most
abundant lipids in this work. The lipolysis index (LI) was calculated as
the ratio of the sum of lipid metabolites (ALCþFFAþMGþDG) to the
sum of TG, WE, and glyco- and phospholipids (Goutx et al., 2003).
2.6. Data analysis
A linear ﬁt was used to analyze correlations between the data
with 95% conﬁdence interval by using ANOVA, Origin 7 software
(Origin Lab). Multivariate analyses were performed with Statistica
software.
Multivariate statistical analysis was used to elucidate the rela-
tionships between lipids and important environmental variables
that describe the East Atlantic Ocean surface and DCM waters,
i.e. total lipid concentration (lip), concentration of total lipids per
Chl a (lip/Chl) and contribution of plankton phospholipids (%PG),
autotrophic plankton glycolipids (%GL) and plankton and zooplank-
ton reserve lipids (%TG and %WE, respectively) as percentages of total
lipids. Other data included nutrient concentrations (total inorganic
nitrogen (TIN) and phosphate (PO4
3 ) (data after Koch and Kattner
(2012)), the relative contribution of carbon contents of eukaryotic
micro-, nano- and picophytoplankton, and prokaryotic heterotrophs to
total plankton carbon (%micro C, %nano C, %pico C, %pico C and %het C,
respectively).
3. Results
All details on the hydrographic conditions and nutrients are
presented in Koch and Kattner (2012). Brieﬂy, the highest tem-
peratures and the lowest salinities were measured for NATR to
ETRA. The lowest temperatures occurred at the northernmost and
southernmost latitudes. The coastal regions of Europe and South
Africa and, to a lesser extent, the area of NATR were characterized
by higher nutrient concentrations in the surface waters whereas
the waters of the remaining transect in the subtropical and
tropical regions were oligotrophic. The waters of DCM were
characterized by higher nutrient concentrations than surface
waters, especially in the NATR to BENG regions.
3.1. Distribution of plankton
The plankton cell abundances including prokaryotic hetero-
trophs, cyanobacteria and eukaryotic nano- and picophytoplankton
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Fig. 2. Cell numbers of prokaryotic heterotrophs (het), eukaryotic nanophytoplank-
ton (nano), eukaryotic picophytoplankton (pico) and cyanobacteria (cyano) along
the north–south transect of the East Atlantic in (a) surface and (b) DCM layers.
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for surface and DCM waters are presented in Fig. 2a and b. The cell
abundances of heterotrophic prokaryotes ranged from 6.5106 to
2.9108 cells L1 in the surface waters and from 5.3107 to
1.2108 cells L1 in the DCM (data obtained for four samples).
Total numbers of cyanobacteria ranged from 4.4104 to
2.4108 cells L1 in the surface waters and from 8.6106 to
3.6108 cells L1 in the DCM. In the surface waters eukaryotic
nanophytoplankton varied from 3.9104 to 4.8106 cells L1,
while eukaryotic picophytoplankton varied from 8.3105 to
2.4107 cells L1 with lowest numbers in the area north of the
Equator (ETRA) where high surface temperatures and dissolved
organic carbon concentrations and low salinities were observed
(Koch and Kattner, 2012). In the DCM eukaryotic nano- and
picophytoplankton cell abundances ranged from 9.6104
to 4.4106 cells L1 and from 2.5106 to 1.9107 cells L1,
respectively.
3.2. Distribution of pigments
The surface Chl a concentrations ranged from about 0.08 to
1.24 μg L1 (average 0.3 μg L1), being the highest in the NATR
province (Fig. 3). In the DCM, Chl a concentrations varied between
0.09 and 2.14 μg L1 (average 0.91 μg L1). The lowest concentra-
tions were found in the NASE province where lower phosphate
and nitrate concentrations also occurred (Koch and Kattner, 2012).
Concentrations of key chemotaxonomic marker pigments were
summed to facilitate a broad assessment of the relative impor-
tance of the three phytoplankton classes (Fig. 3b, modiﬁed after
Taylor et al. (2011), and Fig. 3c). Surface waters were dominated
in relative chlorophyll contribution by eukaryotic pico- and nano-
phytoplankton throughout most of the transect. Eukaryotic nano-
phytoplankton was the most dominant phytoplankton fraction in
the DCM with a relatively uniform contribution to total pigments.
The lowest contribution was derived from eukaryotic microphy-
toplankton with substantially increased values in the NECS
and NATR.
The concentrations of Phaeophytin-a (Phyt-a) and Phaeophytin-b
(Phyt-b), degradation pigments of Chl a and Chl b, respectively, were
below the detection limit for most of the samples. Thus, Phyt-a was
only detected in the surface of stations 65 and 144 with concentra-
tions of 48.0 and 10.9 ng L1, respectively and in the DCM of station
49 with 34.5 ng L1, where also Phyt-b was measured in a concen-
tration of 44.9 ng L1.
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Fig. 3. Chlorophyll a distribution (a) in surface and DCM (the different symbols and
colors distinguish the eight biogeochemical provinces). The contribution of
phytoplankton size classes: eukaryotic micro- (micro), nano- (nano) and picophy-
toplankton (pico) to Chl a in (b) surface and (c) DCM layers. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Particulate organic carbon (POC) (a) distribution (the different symbols and
colors distinguish the eight biogeochemical provinces). Distribution of prokaryotic
heterotroph (het), eukaryotic micro- (micro), nano- (nano) and picophytoplankton
(pico) carbon content in (b) surface and (c) DCM layers. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)
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3.3. Distribution of particulate organic carbon and plankton carbon
Similar concentrations of POC (21–131 μg C L1) were detected
in the surface and DCM layers. The lowest POC concentration
(8.8 μg C L1) was measured for the sample at 1100 m depth at
station 74 (NATR) (Fig. 4a). The distribution of POC strongly
paralleled that of Chl a, being higher in the northernmost and
southernmost latitudes and in NATR. The correlations between
POC and Chl a were signiﬁcant for the surface (r¼0.71, p¼0.0002,
n¼21) and DCM (r¼0.64, p¼0.0020, n¼19).
The calculated carbon content of eukaryotic micro-, nano- and
picophytoplankton, and prokaryotic heterotrophs is shown in
Fig. 4b and c. Eukaryotic microphytoplankton carbon concentra-
tions ranged from 1.2 to 89.1 (average 12.4) mg C L1 in the surface
and from 0.4 to 71.7 (average 8.1) mg C L1 in the DCM layer.
Eukaryotic nanophytoplankton carbon was similar in the surface
and DCM waters averaging 20.0 (3.6–67.3) and 21.1 (1.6–105.8)
mg C L1, while eukaryotic picophytoplankton carbon was clearly
lower varying between 1.2 and 9.8 (average 5.2) mg C L1 in the
surface and 0.2–2.4 (average 1.2) mg C L1 in the DCM. The con-
tribution of carbon derived from prokaryotic heterotrophs was
low, with 0.1–2.0 (average 0.6) mg C L1 at the surface and similar
values in the DCM. The contribution of eukaryotic micro-, nano-
and picophytoplankton, and prokaryotic heterotroph carbon to
POC was on average 7.3%, 33.4%, 10.0% and 1.3%, respectively, at the
surface and 7.8%, 40.7%, 2.2%, and 1.8%, respectively, in the DCM.
3.4. Distribution of particulate lipids
The concentrations of total particulate lipids ranged from 3.2 to
29.4 μg L1 with comparatively lower values in deep water
samples (average 10.5, 11.3 and 6.0 μg L1 at surface, DCM, and
in deep waters, respectively) (Fig. 5). The concentrations were
higher in waters at the most northern and southern latitudes as
well as in the NATR province. This distribution resembled those of
Chl a and POC. Highly signiﬁcant correlations were revealed
between total particulate lipid concentrations and Chl a (as proxy
for total phytoplankton abundance) for the surface (r¼0.71,
p¼0.0002, n¼21) and DCM (r¼0.67, p¼0.0003, n¼23) samples.
The same result was obtained for the concentration of total
particulate lipids and POC for the surface (r¼0.75, po0.0001,
n¼22) and DCM (r¼0.68, p¼0.0008, n¼19) samples. At the
surface a positive correlation was also observed between total
particulate lipid concentrations and eukaryotic microphytoplank-
ton carbon content (r¼0.79, po0.0001, n¼21) as well as eukar-
yotic nano- and picophytoplankton carbon content (r¼0.67,
p¼0.0011, n¼20; r¼0.61, p¼0.0032, n¼20, respectively) in the
DCM layer.
Lipid contributions to POC (%) were between 5.7% and 29.8%
with an average of 12.6% at the surface and between 5.5% and
33.3% with an average of 14.4% in the DCM. The lowest contribu-
tions in the surface water were found for the NATR samples. The
DCM samples showed lower lipid proportions of POC throughout
the track from the ETRA to the BENG provinces. The highest lipid
contents were generally determined for the deep water samples
(Fig. 6).
To obtain an estimate on the quantity of lipid synthesized per
unit Chl a the total lipid content per Chl a concentration (lipidT/Chl a)
(Fig. 7a) was calculated for the surface and the DCM samples. The
most striking features were: higher ratios mainly observed for the
surface layer in comparison to DCM, lower values in the NATR
province (stations 65–105), and decreasing ratios in the DCM
samples of the provinces richer in nutrients (ETRA to BENG; stations
119–214). Although not statistically signiﬁcant, a decreasing trend of
the lipidT/Chl a ratio was observed for stations with higher nutrient
concentrations.
3.5. Composition of particulate lipids
The proportions of the major lipid classes of total lipids are
shown in Fig. 8. In all provinces and depths, glycolipids formed the
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Fig. 5. Distribution of the total lipid concentration (lipidT) in (a) surface, (b) DCM
and (c) deep waters (the different symbols and colors distinguish the eight
biogeochemical provinces). (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 6. Distribution of the lipid proportions to POC (%) in (a) surface (white),
(b) DCM (gray) and (c) deep waters (black).
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most abundant lipid class (12–33%). The second most abundant
class was PG in the surface and the DCM samples (10–29%)
followed by PE (2–25%), and HC in the deep waters (3–42%). We
discuss PG as a rough collective marker of autotrophic plankton
and of heterotrophic bacteria presence, hereafter termed plankton
marker, since their main origin is autotrophic plankton (Guschina
and Harwood, 2009), whereas heterotrophic bacteria are the
dominant sources of PE (Van Mooy and Fredricks, 2010).
In the surface layer the concentrations of the lipids which are
dominant in membranes were highest for GL (0.5–8.2 μg L–1)
followed by PE (0.3–4.4 μg L–1) and PG (0.5–4.1 μg L–1), and only
low levels of PC and ST were found. In the DCM layer the
concentrations were similar (Supplementary tables). The PE/PG
ratio was determined to distinguish between the contribution of
phytoplankton and bacteria lipids in the total lipid pool (Fig. 7b).
According to Goutx et al. (1993), the PE/PG ratio may be used as an
index of the contribution of bacterial lipids to the organic matter
pool. Higher PE/PG ratios were measured for the surface (0.29–
0.91) than for the DCM samples (0.19–2.30). The highest ratios
were measured for surface samples in the WTRA and ETRA
(stations 107–162) and for DCM samples in the NASE and WTRA
provinces (stations 65–109).
In the deep ocean waters PG, GL, PC, ST, and PE concentrations
were 0.3–1.3, 0.3–3.2, 0.1–0.3, 0.1–0.2, 0.1–0.3 μg L–1, respectively.
The largest decrease in concentration was measured for PG, PE and
ST in deep samples in comparison to the surface waters.
The concentration of the plankton storage lipids, WE and TG
(Supplementary tables), were on average 0.19 and 0.59 μg L–1 in
the surface and 0.25 and 0.65 μg L–1 in the DCM samples,
respectively. Since the WE TLC band contains only small amounts
of stearyl esters (Hudson et al., 2001) it is referred to as zooplank-
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Fig. 7. Distribution of (a) total lipid concentrations per Chl a (lip/Chl a), (b) the ratio of phosphatidylethanolamines to phosphatidylglycerols plus diphosphatidylglycerols
























































Fig. 8. Distributions of major lipid classes (relative percentage to total lipids). For abbreviations refer to Table 1; Deg-lipid classes indicating degradation (FFA, MG, 1,2DG,
1,3DG, and ALC); rest-sum of remaining lipid classes. (a) surface, (b) DCM and (c) Deep.
B. Gašparović et al. / Deep-Sea Research I 89 (2014) 56–6762
concentrations in the samples from the most northern and south-
ern latitudes and the NATR (Fig. 7c). The WE distribution followed
that of PG as shown by the signiﬁcant correlation in the surface
and DCM samples (r¼0.41, p¼0.0053, n¼41 and r¼0.44,
p¼0.0175, n¼24, respectively). The concentrations of WE (on
average 0.32 μg L–1) were higher in deep water samples than in
the surface layers. The average contribution of TG to total parti-
culate lipids was highest in the surface (6.3%), lower in the DCM
(5.3%) and lowest in the deep layer samples (4.8%). Higher TG
concentrations were observed in the nutrient richer provinces,
NECS, BENG and NATR, in the surface and at the nutrient richer
stations of the provinces SATL and BENG (stations 167–214) in the
DCM (Fig. 7d).
The concentration of lipids indicating degradation, FFA, MG,
1,2DG, 1,3DG, and ALC, were low and similar in the surface and the
DCM samples, ranging for FFA from 0.2 to 5.4 μg L–1 and for the
other lipid classes from 0.0 to 0.7 μg L–1 (Supplementary tables).
Their concentrations were even lower in the deep samples with up
to 0.1 μg L–1, except for FFA with 0.4–1.9 μg L–1. These degradation
indicators contributed more to the lipid pool of the deep than of
the surface and DCM samples. Therefore, the values of LI for the
deep samples were generally higher than in samples from the
upper water column (Fig. 9). The LI values from the surface and
the DCM ranged from 0.11 to 0.54 (average 0.27) and from 0.08 to
0.56 (average 0.24), respectively, while for the deep samples LI
ranged from 0.29 to 0.47 (average 0.37). The LI data of deep
samples are signiﬁcantly different at the 0.05 conﬁdence level to
those of the surface and DCM LI data.
3.6. Multivariate statistical analysis
Principal component analyses of the surface and DCM samples
are presented in Fig. 10. The ﬁrst two principal components of the
surface samples (Fig. 10a) explained 53% of the total variability
among the 14 variables, where the ﬁrst component (PC1) con-
tributed 31% of the total variance and the second component (PC2)
contributed 22%. The greatest positive PC1 loadings had relative
contribution from eukaryotic nanophytoplankton to total plankton
carbon, TIN, PO4, %WE, % PG and lip/Chl a. This indicates that
eukaryotic nanophytoplankton fraction the best responded on the
availability of nutrients and that eukaryotic nanophytoplankton
accumulated more lipids per Chl a. The increase of WE parallels
the increase of eukaryotic nanophytoplankton carbon. Total lipid
concentrations and microphytoplankton abundance had the great-
est positive effect on PC2 indicating that microphytoplankton was
the most important factor for lipid abundance.
For the DCM samples, the ﬁrst two principal components PC1
(47%) and PC2 (38%) (Fig. 10b) explained 85% of the total variability
among the 14 variables. The increase in the contribution of
glycolipids to the lipid pool in the DCM samples was inversely
related to the contribution of phospholipids. The relative contribu-
tion from eukaryotic picophytoplankton and prokaryotic hetero-
trophs to total plankton carbon, total lipids, lip/Chl, %PG and %PE
predominated in the high negative values of PC1. Microphyto-
plankton and %WE had the greatest positive effect on PC2 which
were signiﬁcantly correlated. Total lipids, the relative contribution
from eukaryotic nano- and picophytoplankton, TIN and PO4 showed
considerably negative values in the PC2.
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Fig. 9. Lipolysis Index (LI) variations in the DCM (half-open symbols) and deep
waters (solid symbols) (the different symbols and colors distinguish the eight
biogeochemical provinces). LI data for the surface are not presented as they overlap
with LI data from DCM. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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Fig. 10. Principal components analysis (PCA) of the variables: nutrients (total inorganic nitrogen and phosphates; TIN and PO4), the relative contribution of carbon contents
of eukaryotic micro-, nano- and picophytoplankton and prokaryotic heterotrophs to total plankton carbon (%micro C, %nano C, %pico C, and %het C, respectively), total lipid
concentrations (lip), and contributions of plankton phosphatidylglycerols (%PG), phosphatidylethanolamines (%PE), glycolipids (%GL) and reserve lipids (%TG, %WE) to total
lipid concentrations for the (a) surface and (b) DCM layers.
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4. Discussion
4.1. Ecological drivers of lipid synthesis
Particulate organic matter composition is highly variable espe-
cially in studies over long distances. It contains eukaryotes and
prokaryotes with variable species composition and considerable
amounts of detrital material, decaying and senescent cells. The
particulate matter of our latitudinal transect, that covered many
different trophic states in the surface and DCM layers, was
characterized by almost order of magnitude variability in the
concentration of total lipids. The eukaryotic microphytoplankton
was the most important factor for increasing lipid levels at the
surface. In the DCM layer both eukaryotic pico- and nanophyto-
plankton were the main contributors to the lipid pool. This is
in accordance to Guschina and Harwood (2009) who found that
in the marine environment the origin of lipids is mainly from
autotrophic plankton.
Many factors inﬂuence the lipid abundance in oceans. Since
large cell sized plankton has more lipids than small ones particu-
late matter is lipid-richer in regions rich in microphytoplankton
biomass than those dominated by nano- or, even more, by
picophytoplankton. Indeed, we found higher lipid concentrations
in provinces with increasing eukaryotic microphytoplankton cell
abundance and thus higher carbon proportions to total plankton
carbon, i.e. at the most northern and southern latitudes as well as
in the NATR. However, concentrations of the particulate lipids
(3.2–29.4 μg L1) in our East Atlantic Ocean study were lower
(Fig. 5) compared to Iatroscan measured marine lipid concentra-
tions from coastal regions of the NW Atlantic (28–58 mg L–1,
Parrish et al., 1988), Bedford Basin (70–140 mg L–1, Parrish, 1987),
west Mediterranean Sea (3–84 μg L1, Gérin and Goutx, 1994) and
Adriatic Sea (17–370 μg L1, Penezić et al., 2010; Frka et al., 2011).
The highest lipid concentrations, coinciding with the highest
POC and Chl a values, were observed at the more coastal stations
in the Atlantic coastal provinces NECS and BENG and NATR. In the
NECS, nutrient-rich river plumes and nutrient-upwelling by pro-
gressive waves increase the primary production. The BENG area is
characterized by signiﬁcant particulate atmospheric deposition
and intense upwelling at 21–241S stimulating productivity
(Longhurst, 2007). In the NATR upwelling region (at 201N)
pulses of Saharan dust moving westward across the Atlantic Ocean
depose soluble Fe which plays an important role for the ecosystem
(Sarthou et al., 2003). Fe is an essential micronutrient for phyto-
plankton and known to limit primary production in large parts of
the world's oceans (Martin and Fitzwater, 1988). In the euphotic
zone of the nutrient richer regions (NECS, NATR, and BENG) small
phytoplankton cells are accompanied by larger cells as nutrient
availability increases (Irwin et al., 2006).
The lipid content of organisms is highly variable and depends
on physical, chemical and biological conditions in the sea. The
main lipid contribution to the POC pool of the East Atlantic
particulate matter came from phytoplankton cells, accounting for
50% of the POC in the surface and the DCM layers. On average
phytoplankton contained 17% of lipids per dry mass, while diatoms
accounting for up to 25% of lipids (Shifrin and Chishilm, 1981). The
contribution of heterotrophic prokaryotes' carbon to POC in the
East Atlantic was only minor, between 1% and 2%, and the lipid
content of marine bacteria is also low varying from 1.7% to 7.3% of
organic carbon (Goutx et al., 1990). Contributions of other plank-
tonic organisms (not analyzed for this cruise) were also small.
Karayanni et al. (2005) found the biomass of ciliated protozoa and
heterotrophic nanoﬂagellates in the East Atlantic to be a few
mg C L1 and less than 1 mg C L1, respectively. The low amounts of
WE in our study indicated only a minor contribution of larger
zooplankton known to synthesize WE in contrast to the small
subtropical and tropical species which do not store lipids (Kattner
and Hagen, 2009).
In addition to the inﬂuence of nutrient availability on the
phytoplankton composition, nutrient depletion is also favorable
to enhancing lipid synthesis (Shifrin and Chishilm, 1981; Smith
et al., 1997; Frka et al., 2011). The higher ratios of lipids to Chl a
(Fig. 7a) suggest enhanced lipid biosynthesis in the nutrient poorer
regions of our study. Phytoplankton may also overcome nutrient
deﬁciency by the preferential synthesis of speciﬁc lipid classes. In
oligotrophic oceans, the picophytoplankton species Prochlorococcus,
for example, adapts to phosphorus deﬁciency by the synthesis of
sulfoquinovosyldiacylglycerol, a lipid that contains a sulfo instead
of a phosphate group (Van Mooy et al., 2006). Replacement of
membrane phospholipids by non-phosphorus containing GL repre-
sents an effective phosphate-conserving mechanism in many organ-
isms during phosphate limitation, including photosynthetic
bacteria, algae and higher plants (e.g., Benning et al., 1995;
Andersson et al., 2003). Enhanced synthesis and accumulation of
glycolipids was found during nutrient depletion in a mesotrophic
coastal sea (Frka et al., 2011; Gašparović et al., 2013). The high
concentrations of glycolipids found in the surface and DCM layers,
the increase of GL versus PG and the relation of GL with smaller cell
sized phytoplankton were an indication of the oligotrophic condi-
tions even in the DCM layer where light limitation may also affect
the lipid production.
An enhanced accumulation of storage lipids (TG) has been
observed during nitrogen stress for marine diatoms (Parrish and
Wangersky, 1987), during bloom decay (Parrish, 1987) and during
oligotrophication in the NWMediterranean (Bourguet et al., 2009).
However, we observed an increase of TG to total lipids in the
nutrient richer provinces. These accumulated TG may be used
for the synthesis of other molecules that are necessary for
cell functioning, e.g., glycolipids in the chloroplast membranes
(Khozin-Goldberg et al., 2005).
4.2. Lipid composition as part of the East Atlantic biogeochemistry
Particulate lipids in oceanic waters are mainly of autochtho-
nous origin. Following cell death they are released into the
surrounding water as non-living particles and dissolved lipids.
Their composition can give information on whether lipids are
freshly synthesized by the present plankton communities or more
degraded (Goutx et al., 2003). The dominance of phospholipids
and glycolipids, the photosynthetic membrane lipids of phyto-
plankton and cyanobacteria (Guschina and Harwood, 2009, Fig. 8),
indicated that considerable amounts of lipids in the East Atlantic
originated from living marine plankton. Accordingly, the estimated
values of LI for the surface and DCM samples (Fig. 9) were low also
indicating a dominance of freshly synthesized lipids. This was
supported by the absence of phaeopigments in the particulate
organic matter. Much higher LI, often higher than 1, were reported
for particulate lipids collected in September at the Mediterranean
side of the Strait of Gibraltar (Gómez et al., 2001). However,
comparable LI values (0.21–0.39) were obtained in the north-
western Mediterranean Sea during the transition from the end of a
phytoplankton bloom to pre-oligotrophic conditions in May. Here,
LI values, absence of phaeopigments, together with a high dom-
inance of plankton phospholipids and glycolipids indicate a high
contribution of active phytoplankton to POM (Van Wambeke et al.,
2001). Another explanation for lower LI values can be low bacterial
activity on the particulate lipids. Indeed, Neogi et al. (2011)
observed that dissolved organic carbon is the more important
source of carbon for oceanic bacterial growth and survival than
POC in the East Atlantic surface waters. A slightly higher LI
indicated slightly higher lipid degradation in the surface compared
to the DCM layer. This can be due to bacterial and photochemical
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abiotic degradation because of the high light conditions
(Christodoulou et al., 2009). The composition of fatty acids (data
not shown) did not support this small difference in the LI.
However, it evidenced the general freshness of POM in the surface
and DCM layers. High proportions of polyunsaturated fatty acids
(PUFA) stand for freshness and living cells, whereas high propor-
tions of saturated fatty acids for highly degraded material since
PUFA are easily degraded in decaying cells and detritial material
(e.g. Hama, 1999). Particularly in the surface layer of the NATR
and SATL regions, PUFA accounted for up to 20% of total fatty
acids (notably 18:4(n-3) and 22:6(n-3) typical for non-diatom
phytoplankton), whereas proportions were clearly lower in the
tropical ETRA indicating possible photochemical degradation.
Elevated values of the surface layer PE/PG ratio (Fig. 7b) suggest
a contribution of bacteria to the plankton lipids (Goutx et al., 1993)
being an obvious source of lipids at stations 107–132 (3.2–11.61N).
This is in accordance with the highest bacterial activity in surface
waters of the highly stratiﬁed region between 0 and 151N (Neogi
et al., 2011; Flerus et al., 2012). The lower PE/PG ratios in the
DCM layer suggest phytoplankton was a more important source
of membrane lipids. Nevertheless, the signiﬁcant correlation
between the concentration of total lipids and Chl a found for both
productive layers implies that phytoplankton was the main source
of lipids. Therefore, some smaller differences in lipid concentra-
tions between the surface and the DCM samples were mainly due
to the difference in phytoplankton size-classes (micro, nano, pico)
and bacteria rather than in organic matter degradation processes.
Among other factors, zooplankton predation structures the
ecosystem. WE are the main storage lipids in large zooplankton
species of polar and partially of temperate and upwelling regions
contributing even up to 90% to total lipids whereas in the small
low latitude copepods WE are scarce (Kattner and Hagen, 2009).
This is in accordance with the higher WE amounts only found at
the northern- and southernmost stations with lower temperatures
(Koch and Kattner, 2012). The concentration of WE followed that
of the plankton marker (PG) implying better feeding conditions in
regions with a more abundant plankton community.
4.3. Lipid changes from surface to depth
The comparison between lipid concentration and composition
of particulate organic matter from the upper productive layers and
the deep ocean waters provides information about the relative
reactivity and preservation potential of lipid classes. However, due
to the restricted number of samples, including various depths, we
discuss only general changes regarding their lipid contribution and
composition. Lipids are less degradable biochemical compounds
compared to other major groups, carbohydrates and proteins
(Harvey et al., 1995). Indeed, higher lipid contributions to POC in
deep waters indicated an organic matter-selective degradation
that emphasizes the more stable nature of lipids. In accordance
with our ﬁndings Hwang and Druffel (2003) found that selective
accumulation of the lipids is likely to occur in the water column as
POC sinks. However, this is controversially discussed in the
literature. A strong decrease of lipids in POC with depth has been
reported by Wakeham et al. (1997) and Loh et al. (2008).
Discrepancies may be related to differences in lipid measurements,
e.g. determination of total lipid, lipid classes determined or
considered, etc. Even similar concentrations of total particulate
lipids were found in the deep and upper water column waters of
the NADR and NASE regions (stations 24–63). However, the
opposite was found in the ETRA province (stations 119–162) where
the concentration of lipids in deep samples decreased to about 40%
of that in the surface and the DCM layers.
The lipid carbon baring the highest potential for export and
preservation in the deep East Atlantic was in the form of
hydrocarbons, free fatty acids and glycolipids (Fig. 8c). The
dominance of HC can be expected as they are poorly degradable
and thus selectively preserved (Wakeham et al., 1997). Also, HC are
degradation products of catabolism or diagenesis of biomacromo-
lecules. The large contribution of GL in deep waters is due to the
relative resistance to degradation (Tegelaar et al., 1989). Accord-
ingly, Schouten et al. (2010) calculated that a major fraction of GL
biosynthesized in the upper water column can potentially reach
deep-sea surface sediments. The proportion of phospholipids (PG,
PE, and PC) of total lipids decreased signiﬁcantly from the
productive layers to the deep waters (Supplementary tables). The
degradation of phospholipids contributes to the rapid regenera-
tion of ortho-phosphate, a process important in the oligotrophic
central Atlantic Ocean, allowing for an efﬁcient utilization of
phosphorus in the photic layer (Vidal et al., 2003). As expected,
the composition of lipids in the deep ocean indicated a higher
degradation state, as shown by higher LI values than in the surface
and DCM samples. However, the relatively low LI values calculated
for deep waters (average 0.37) implied that a considerable fraction
of the lipids was only little degraded and may partially originate
from deep ocean particle-attached bacteria. Wax esters, which
may be zooplankton derived, preferentially survived downward
transport probably due to the fast sinking rate of particles
(fecal pellets).
The qualitative changes in lipid composition in deep waters in
comparison to the upper water column were consistent with the
reactive nature of each lipid class. The overall efﬁciency of lipid
carbon preservation at depths, however, seems to be different in the
regions of the East Atlantic Ocean. There is a wide variety of possible
reasons for these differences: origin of the particulate lipids, sinking
velocity of the particles, photochemical degradation in the surface
layer and microbial transformation within the water column.
5. Summary and conclusions
This study provided the unique opportunity to assess the varia-
bility of a wide range of lipid classes in different water masses along a
north–south transect in the East Atlantic Ocean (491N–261S). The
ecological provinces along the transect determined the lipid concen-
trations and compositions. The low lipid concentrations compared to
other open-ocean studies were likely related to the trophic status of
the oligotrophic conditions of the subtropical and tropical East
Atlantic Ocean. In the surface layer microphytoplanktonwas the main
determinant for the lipid production whereas in the DCM layer
smaller cells were the more important ones. Lipids originating from
zooplankton were less important for the lipid budget. The low
nutrient concentrations induced lipid synthesis and a phosphorus-
saving change from the production of phospholipids to glycolipids.
The depth-related decrease of lipid classes revealed that, although
reduced with depth, lipids are relatively stable compared to other
biomolecules as concluded from the increased contribution of lipids
to the POC pool at depth. Lipid classes including hydrocarbons and
glycolipids were the most stable lipid compounds in the deep ocean.
The low bacterial activity on lipids was supported by the low values of
the LI index. In contrast, the proportion of phospholipids decreased
with depth indicating their importance for phosphorus cycling in the
upper oligotrophic ocean. Our long-distance study through the
Atlantic Ocean demonstrated the high variety of possible mechanism
determining and regulating lipid biosynthesis and degradation. Lipids
with an average contribution of about 15% to POC belong to the main
components of POC, being deﬁnitely chemically characterized and
they are also precursors of the dissolved lipids. The transition from
the particulate to the dissolved form and the processes involved are
only little studied but are of major importance for the carbon cycling.
For further insights into the lipid biogeochemistry more high
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resolution molecular analysis is necessary in combination with a very
detailed picture of the ecosystem.
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